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Abstract 

We have reviewed comprehensively the data on the transverse 

momentum spectra (p,) of high mass lepton pairs produced in 

hadronic interactions. The data are extensively compared with the 

predictions of Quantum Chromo Dynamics to O(u,), including some 

O(az) effects through the use of a pT independent K factor. 

Sensitivity of the calculations to variations in the parameters 

used is discussed. A compilation of the K factor is given. 

Possible nuclear effects which can contribute to cross section or 

alter differential distributions in pT, xF or mass for the dimuon 

production in nuclear targets are discussed. Linear fits to the 

data on <p$ vs. s and <p,> vs. & for r-N and pN reactions are 

presented. Using the average value of the intrinsic transverse 

momentum squared deduced from fits to <p,$ vs. s, predictions of 

the QCD are calculated and compared with the data. An important 

conclusion arrived at is that QCD to O(a,) is not able to account 

for the observed features of the pT distributions in a 

satisfactory manner. 

*On leave from the Tata Institute of Fundamental Research, Homi 
Bhabha Road, Bombay-400-005, India 

Invited review talk given at the Workshop on Drell-Yan Processes, 
Fermilab, October l-8, 1982. 
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1. Introduction 

Interest in dimuon (,,+,,- pairs) production in hadron-hadron 

interactions began with the pioneering experiment of Lederman and 

his collaborators' in 1970. This field received a big boost from 

ore11 and Yan' who suggested a quark-antiquark annihilation 

mechanism based on parton model for the dimuon continuum. The 

early experiments provided a strong support for this simple 

picture. Some of the predictions of the model which have been 

verified are approximate scaling, charge asymmetry, linear 

dependence of the cross section on mass number A of the target and 

angular distribution. However, it is now well established that 

this model is unable to account for the absolute normalization and 

the high average transverse momentum (p,) of the dimuons. This 

last feature has led to the Drell-Yan model giving way to the 

Quantum Chromo Dynamics (QCD) because of the inherent mechanism of 

gluon emission and absorption which provides a natural source for 

high pT of the dimuons. BeCauSe of this reason and uniqueness of 

the signal, the production of high mass lepton pairs is regarded 

as one of the most important testing ground for the ideas of QCD. 

The main aim of this talk is to review the data on transverse 

momentum spectra of dimuons and to confront it with the 

predictions of the QCD to O(a,) including some ()(a:) correction 

(US is the QCD running coupling constant). We shall see that the 

QCD to O(as) is unable to account for the pT spectra convincingly 

and that it is necessary to include higher order effects including 

those due to soft gluon emission. 
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For a more complete understanding of the field of dimuon 

production, the reader is advised to refer also to some recent 

reviews"6 and rapporteur talks ‘-Il. 

2. Experiments - recent, current and near future. 

Table 1 gives a summary of the dimuon continuum 

experiments'"'. Some of these experiments I'- 15~zo~2%2* have 

provided valuable data on the transverse momentum spectra of 

dimuons. Experiments NA1019 at CEIL?, E32617 and E615l* at 

Fermilab have accumulated a fair amount of data which is now being 

analysed. Experiment E60522 has had a short run in 1982 and is 

expected to run in 1983 with beams from the Tevatron-II. 

3. QCD formalism 

In this section we shall present the QCD formalism with which 

the data will be compared. 

3.1 Leading order QCD expression for dimuon production 

The dimuon differential cross section integrated over pT to 

leading order (i.e. order as(Q2) lnQ2) is given by” 

do(s,M2y) = 
dMdy Q2)q;2(x2,Q2,+(-)] (1) 

and 
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d,(s,M2,y) 
dMdxF (x;+:,)1,2 fe?[qll(x1. Q2)q;2(~2,Q2)+(l-2)] (2) 

where, y=ln((E+p,)/M,), MT=(~G+~2)1/2 

T=M~/s = x1x2, Q2=M2 

XF=2pk/& = x1 - x2 

x1 2"(x;+4r) '12/2 
I 

f xF = fi eky , 

and where the qi (x ,Q2) are the QCD evolved parton distribution 

functions as obtained from the deep inelastic lepton-proton 

scattering experiments. 

The expression (1) and (2) are the same as the Drell-Yan 

expressions corresponding to the diagram of Fig. l(a) except that 

the distributions have now acquired a Q2 dependence. 

It is now well established" that although the eqs. (1) and 

(2) do manage to reproduce the shapes of the experimental 

distributions, the experimental cross sections are higher than the 

predictions by a factor K=1.6-2.6 (see -the compilation in 

Sect. 3.3). 

3.2 Transverse momentum dependence in perturbative 
QCD to order a 

In the simplest version of Drell-Yan model (Fig. l(a) 1 the 

dimuons have no transverse momentum. However, since the 

annihilating quarks are confined inside a hadron they are expected 

to have some intrinsic transverse momentum (kT), whose vector sum 
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will be the transverse momentum of the lepton pair. There is 

evidence2' that tk,$=0.16 (GeV/c)2 and therefore .P$ of the 

lepton pairs from this contribution will be only 0.32 (Gev/c)2. 

Moreover, if kT is indepenent of the parton's x, then <pT> will be 

indepenent of xF and of M except near kinematic boundaries. 

However, the observed <p$ is much larger than <kg> and 

furthermore, <P$ clearly increases linearly with s. These 

features are qualitatively expected on the basis of QCD to O(a,). 

The hope was that this would be adequate to explain the data even 

at the quantitative level. As we shall show later this is not the 

case. 

The O(as) diagrams are shown in Figs. l(b) and l(c). The 

perturbative expression for differential cross section to O(a,) 

for dimuon production can be written as" (we assume Q2=M2) 

dcp(s,M2,yrPT) 

* dy dp; 

2a2s 1 
X1X2as 

&P+$+ 2M2? 
+ -- I . 

9 M xyln 
dxl 

xls+u-M 2 43 $ 

- f ef[qll(Xlt Q2) Gi2 (x2,Q2)+ t-+2)] 

where qi's and Gi's are quark and gluon distribution functions, 

and 
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min 
x1 = -u/(s+t-M2), x2=(-xlt-(1-xl)M2)/(xls+u-M2) 

t= M2-,F MT e-y, u=M2-F MTeY, 

s= x1x2s, t=xlt+(l-xl)M2, u=x2u+(1-x2)M21 

M2- p2+M2 and as=12n/(25 ln(Q2/A2 T- T 

The expression (3) is useful only fo large pT since it has a 

singularity at pT=o. Furthermore, it ignores the intrinsic 

transverse momentum (kT) of the parton. Altarelli, Parisi and 

petronzio2‘ have given a prescription which uses the intrinsic kT 

to regularize the pT=D divergence leading to 

du 

*dydp; 

d"DY 
+ ll f(P,) - . 

d-y 
(4) 

Here ;;'P=&,-iT, uDY is the Drell-Yan cross section (with Q2 

dependent distribution functions) as given by eq. (1) and f 

represents the soft kT distribution which is assumed to have a 

gaussian form with the normalization: 

lf(kT)d2kT = ld'k, (exp -k$(4B2)) /(4xB2) = 1 (5) 

Note that integration of the expression (4) over pT yields 

just the DCell-Yan cross section (eq. 1). 



7 

3.3 K-factor 

Although the Drell-Yan formula is able to reproduce the shape 

of the experimental distribution for do/dMdy, the experimental 

cross section is higher than the prediction by the so-called 

K-factor, i.e. 

K = (Observed cross section ,)/(Drell-Yan prediction). 

The suggestion for the exis ,tence of the K-factor was made 

most clearly by the NA3 Collaboration", although the results of 

the CFS CollaborationZO could also be interpreted in the same 

manner. In Table 2 we have compiled the existing measurement of 

the K-factor. The values range between 1.6 and 2.6. Although the 

errors are large there is some indication that the value of the 

K-factor for pN reactions may be somewhat smaller than that for 

?r*N reactions. 

In principle, several effects could get folded into the 

determination of the K factor. For example, nuclear effects could 

contribute to the K factor (see sect. 9). The fact that the 

values of K with hydrogen and nuclear targets are of about the 

same magnitude would lead us to conclude that overall this is not 

a large effect (<25%). The experiments with pion beams could in 

principle suffer from the lack of an independent knowledge of the 

pion structure functions. But the fact that n+N and X-N reactions 

yield about the same value of K leads to the conclusion that the 

contribution due to this uncertainty can not be significant 
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(<lo%). Since the K factor deduced from the difference of o(n-N) 

and u (n+N) has a similar value, it rules out any significant 

hadronic contribution to the dimuon continuum since it would 

largely cancel out in the difference. Thus, we conclude that the 

existence of the K factor can be considered to be fairly well 

established. 

Theoretical explanation for the K factor has been provided by 

several authors2' who have carried out the so-called full order a, 

calculation. These calculations yield a value of K of the order 

of 1.8-2.0 independent of r=M2/s for rt0.5. The origin of this 

large correction lies in the fact that whereas one uses structure 

functions defined for the deep inelastic scattering process, there 

are suttle differences between this and the Drell-Yan process. 

The full O(a,) calculation leads to two large terms. The first is 

the famous n 2 term which arises from the continuation of the form 

factor from space-like to time-like values of Q2. This term is 

associated with the vertex correction diagram. Its contribution 

decreases with r and dominates for TSC0.3. The second term is 

associated with the phase space effects in the soft gluon emission 

from the initial qq pair. There is also a third term due to gluon 

Compton scattering, which is small and negative. The sum of all 

these terms leads to a value of K-1.8-2.0 which is almost constant 

for rr0.3 i.e. in the range of the current experiments. Because 

of the nature of the origin of the different terms it is clear 

that the large correction is applicable mainly to the soft pT 

distribution arising from the intrinsic pT of the quarks. 
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A summary Of the theoretical calculations2s*39 for the K 

factor is given in fig. 2. An important feature of these 

calculations is that the value of K is expected to increase 

dramatically for ~20.5, a region not easily accessible for 

experiments because of the rapidly falling cross section. 

The O(as) correction is so large that it is necessary to 

carry out higher order calculations to ensure that the agreement 

is not destroyed. These calculations are difficult and only 

limited attempts have been made. 

Ellis et.al. a' have shown that for the non-singlet case, 

u (i?-N-ll+N) , the order ",2 diagrams lead to a fairly large 

correction to the pT distribution given by 

K’ (P,) = (W*dp;) 
o(ai)+o(a,) 

/ (WdW;) 12. (6) 
o(a,) 

More correctly, K' decreases from about 2.3 at p,=2.5 GeV/c to 1.8 

at pT=4.5 Gev/c. TO our knowledge, no calculation has as yet been 

attempted for the singlet case which would be required, for 

example, for the reaction pN+)~+u-X. Nevertheless, we shall assume 

the validity of eq. (6) for pN as well as n-N reactions. 

In view of the fact that K'(pT) and K have about the same 

values, we shall assume the K-factor to be independent of pT. 

Furthermore, we shall use the K-factor as deduced from a 

comparison of the data with the Dcell-Yan prediction. Although 

not strictly correct, in view of the above assumption our 

calculation can be considered to correspond to O(ai) QCD. 
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4. structure functions 

The present knowledge of the structure functions has been 

reviewed recently by F. EiSele" and L. Lyons'. 

The nucleon structure functions for quarks have been 

determind by the CD&~ collaboration from deep inelastic neutrino 

scattering experiments". since the Drell-Yan CKOSS section 

(eq. 1) depends on the product of the quark structure function Of 

one hadron and the antiquark structure function of the other 

hadron, the Drell-Yan mechanism can also be used to determine the 

structure functions lc~zo~rs. In fact this is the best method known 

to determine the structure functions of n*, K' etc. The NA3 

collaboration'5 have used -+pN subtraction method to deduce the 

valence u and d quark structure functions for the proton since 

this difference is indepenent of the quark sea in the beam and the 

target. The results ace consistent with those obtained by the 

CDAS collaboration from neutrino experiments, although the overall 

normalisation of the data is too high by a factor of -2.3, the 

so-called K-factor. Similarly, the sea quark structure functions 

for the proton deduced from the dimuon experiments20>15 are 

consistant with the CDHS results. 

The valence, sea and gluon structure functions" for the 

proton used by us are as follow: 

XU P = u. x 0.52-0.16 s(l-xj2.79+0.77 s 

xd P 
= d xO.52-O.16 +xj3.79+O.77 s 

x s P = (:.26+0.18 5)(l-X)7-8+o'78 ' 
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xG P = 3.06 (Px)~" 

xv ll 
= v, .0~4(1-.x)0~9 

x s = 0.24(1-~)~" TI 
xG ll = 2.0(1-x)3.0 

where ?. = In (ln(Q2/u.25)/ ln(20/0.25)) . 

The valence and sea components for the proton are consistent with 

the CDHS resultsa and the gluon structure functions are based on 

counting rules. The proton structure functions given above imply 

that valence, quarks, sea quarks and antiquarks, and gluon carry 

34%, 15% and 51% of the proton momentum at Q2=20(GeV/c)2. AS Q2 

increases the valence and sea distributions become softer and the 

fractional momentum carried by valence quarks decreases to 30% and 

that carried by sea q{ increases to 17% at Q2=70 (GeV/c)2. The 

pion structure functions are those obtained by NA3". We have 

assumed that SE pairs are suppressed by a factor of 2 compared to 

Uii or da pairs. The Q2 dependence is small over the range of Q2, 

16<Q2<70 (GeV/c)2, OF interest here. We shall later comment upon 

the effect of the Q2 -independent gluon structure function on the 

transverse momentum spectra of the dimuons. 

5. QCD fits to the data on pm spectra of the lepton pairs 

We will now briefly outline the main ingredients of the QCD 

fits carried out by us. The differential cross section is given 

by eq. (4) together with eq. (1) and (3). This involves a time 

consuming k T convolution over the annihilation and the Compton 

terms. Because of this it is not practical to do a minimisation 
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fit. The approach followed is to fix most of the parameters and 

to vary tk,$ only. Although, we have identified <k;> with the 

contribution from the intrinsic transverse momentum of the 

partons, it includes possible other contributions as well. 

The value of the scale parameter A in the QCD running 

coupling constant in not well known. values ranging from 0.1 to 

0.5 GeV/c have been obtained in the literature. Overall 

consensus" favors a value of A ~0.35 GeV/c. We have used in 

general a value h~0.5 GeV/c but have also indicated the effect on 

the results if a value of h=0.3 GeV/c or lower is used. 

We use structure functions given in sect. 4 above. The 

K-factor is assumed to be independent of the transverse momentum 

of the dimuons and in this sense our calculation can be considered 

to be to order a: (see sect. 3). 

The parameters A and <k$ are strongly correlated. Since, 

for a given Q2, as increases, as A increases, a lower value of A 

would require a higher value of <k$= to fit the data. 

5.1 p-N+U+U-x 

Fig. 3,(a),(b) and (cl show the data of 

Columbia-Fermilab-Stony Brook Collaboration" for pT spectra of 

the dimuons produced in p-Pt collisions at 400 Gev/c for M=5.5, 

6.5, 7.5, 8.5 and 11.5 Gev and y=O.O3. AlSO shown are QCD fits 

2 with Z/A=O.40, A=O.5 GeV/c, K=1.6 and <k$=0.88 (GeV/c) . As can 
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be seen the fits are all quite good. The value of K=1.6 is also 

in good agreement with that obtained by Ito et al.20 although they 

have used somewhat different structure functions. In this 

connection it should be mentioned that the authors quote a 

normalisation uncertainty of +25%. The Q2 dependence of the 

structure functions plays a significant role only for the 

M-11.5 Gev data. 

Fig. 4 shows the data of CERN-MIT-LAPP-Harvard-Naples-Pisa 

Collaboration2SZr for Ppcu+ll-x at 6=62 Gev and 44 GeV(ISR). 

These data sets are among the few available with a hydrogen 

target. The data at fi=44 Gev have not yet been publishedr'. The 

authors have carried out fits of the form do/dp$A.exp(-apT) for 

~~20.5 GeV/c. 

Fig. 5 shows our QCD fits with Kzl.8 and <k$=l.5 (Gev/c)2. 

The main conclusions that we can 

(a) the fits require 

value of <k$ increases 

large values 

with the beam 

draw from these fits are: 

of <k,$ and (b) the required 

energy. 

5.2 Contributions of different terms and sensitivity to 
the parameters 

The contributions of the different terms to the differential 

cross sections for 400 Gev/c pN collisions, M=7.5 Gev, y=O.O3 are 

depicted in fig. 6. The solid line is the fit shown already in 

fig. 3(a). The curve labelled "intrinsic" corresponds to the 
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spectrum if only the non-perturbative contributions with 

<kG>=0.88 (GeV/c)2 were present. The QCD contributions are 

clearly the dominant contributions beyond pT-2 GeV/c. The major 

contribution to the tail comes from the Compton term as expected 

for pN collisions. 

The sensitivity to the A parameter can be seen by comparing 

the two curves for A-0.5 and 0.3 GeV/c. The change in the 

differential cross section varies between 0 and about 18%. Fig. 7 

shows the sensitivity to <k,$ when its value is changed from 0.9 

to 0.6 (GeV/c)2, keeping A fixed at 0.5 Gev/c. The percentage 

change is about the same as for the above two values of A. Thus, A 

and <k,$ are highly correlated. A lower value of A would require 

a higher value for <k$= to obtain an acceptable fit to the 

differential spectrum. 

As mentioned in sect. 4 we have used gluon distribution based 

on quark counting rules. The gluon distribution given by Badier 

et al.” based on CDHS results is somewhat softer and has a fairly 

significant Q2 dependence (becomes softer as Q2 increases). If 

this were used the fit would require even higher values of <k$. 

Since we have used a value of A (0.5 GeV/c) which is larger 

than indicated by experiments" and a gluon distribution which is 

harder than indicated by the CDHS results", the values of <k;> 

deduced in this study should be considered as lower bounds. The 

significance of this remark will have a bearing on our 

conclusions. 
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+- 5.3 PN -c ,J u X 

The antiproton-nucleon annihilation is interesting because 

the dominant conribution to lepton production here comes from the 

valence partons in the initial state nucleons. Since the valence 

G distribution in an antiproton is identical to that for a valence 

q distribution in a proton, predictions are not affected by 

uncertainties in our knowledge of the nucleon sea. 

There are only two experiments which have been done with 5 

beams, E-5371C at Fermilab and NA315 at CEKN, but results on pT 

distribution are so far available only from the former experiment. 

Fig. 8 shows the preliminary results from the experiment E537 on 

the transverse momentum distribution of dimuons (4.0dk8.5 Gev, 

YLO) in -w collisions at 125 GeV/c. The solid curve is the QCD 

fit with K=2.3 and <k,$=0.88 (GeV/c)2. The dominant contribution 

to the tail here comes from the annihilation term in contrast to 

the pN case where the Compton term provides the major contribution 

to the tail. A notewworthy feature is that because of the low 

projectile momentum the QCD contribution to the pT is quite small. 

5.4 TI-N+~+)I-x 

In n-N collisions the dominant source of the dimuons is the 

annihilation of the valence U of the 1~~ and valence u's of the 

nucleon. An important difference between pN, 3 and n-N 

collisions is that whereas in the first two one needs only the 

nucleon structure functions which are known from deep inelastic 



16 

scattering experiments, in the n-N case one needs also the pion 

structure functions. But because the nucleon structure functions 

obtained using the Drell-Yan model agree with those obtained from 

the deep inelastic scattering experiments, one can use the 

Drell-Yan model to obtain the pion structure functions. Table 1 

summarises the dimuon experiments with pion beamslUg. The data on 

pT distributions is available mainly from NA3r5 and E-537" 

experiments. 

Fig. 9 shows the preliminary results, from the experiment 

E537r4,", on the pT distributions of dimuons (4.O<M 8.5 GeV, ~20) 

in n-N collisions at 125 GeV/c. The solid curve is the QCD fit 

with K=2.5 and <k,$=0.88 (Gev/c)2. The quark structure functions 

for the II- are those determined by NA3 collaboration and given in 

sect. 4. The sensitivity to the pion and nucleon sea is small as 

expected. The sea conribution is about 13% for M=4.5 GeV and only 

2% for M=8.0 GeV. The tail of the pT distribution clearly 

requires the QCD conribution which comes dominantly from the 

annihilation term as was found for the GN case. 

since the valence z distribution for TI- is much harder 

compared to valence antiquark distributions of the 5, the QCD 

annihilation term is relatively more important in the case of n-N 

than in the case of EN. The effect of the harder quark 

distributions in n- compared to p is even more dramatic in the xF 

distribution of the dimuon't33. 
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NAP collaboration has provided some of the highest statistics 

data on the pT distribution of dimuons in .-N reactions. 

Figs. 10(a) and (b) show their new plots presented at the Paris 

Conferencers. Fig. 11 shows their results for r-PLllCII-X at 

150 GeV/c for ~~-0.6 and for 4.l&It5 Gev, 5cMt6 GeV and 

4.1&<8.5 GeV. Also shown are our @CD fits with K=2.3 and 

<k,$l.O (GeV/c)2. Fig. 12 shows a comparison of the dataI at 

150,200 and 280 GeV/c, ~~-0.6 and 4.1<M<8.5 Gev together with our 

QCD fits (K-2.3). The fits require values of ck;>=l.o, 1.1 and 

1.2 (GeV/c)2 at 150, 200 and 280 GeV/c respectively. 

Thus we conclude that for n-N to O(a,) QCD yields good fits 

to the data but it requires <k$ which increases with lab momentum 

of the TI-. 

6. Dependence of <p,> and <p,$ on rapidity and mass of the dimuon 

The dependence of the average transverse momentum squared on 

XF and mass of the dimuon has been previously considered by 

Berger" and Halzen and Scott'~". 

We have shown before (fig. 2) that O(a,) QCD with K-factor 

indepenent of pT and <k$=0.9 (GeV/c)2 is able to fit the 

400 GeV/c pN data quite well. We can therefore predict the 

dependence of <pT> and Cp,$ on rapidity for a given dimuon mass. 

Fig. 13 shows the predictions for M=6.5 Gev. Whereas the 

dependence of <pT> on y is feeble, there is a fairly strong 

dependence of on Y. The data of 
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Geattle-Michigan-Northeastern-Tufts21 on CpT> vs. xF for 400 GeV/c 

PN agrees quite well with the above prediction. Unfortunately, 

there is no data on <p$ vs. y or xF for pN reactions with which 

the prediction could be compared. 

Fig. 14 shows the data of NA3 collaboration for <P$ vs. y, 

0.25<r<0.37, for r-N reactions at 150, 200 and 280 Gev/c. Our QCD 

predictions are also shown in the figure. The agreement of the 

theory and the data is quite good. 

Fig. 15 shows the data and the QCD predictions for the 

dependence of <pT> on dimuon mass for pN collisions at 400 GeV/cr' 

(<y>=O.O3); 300 GeV/c (<y>=O.21), 200 GeV/c (<y>=O.40) and pp 

collisions at f%62 GeV" (~10). The predictions and the data are 

in reasonable agreement within errors. 

Fig. 16 shows a comparison of the QCD predictions with the 

v-N data l5 for <p$ vs. M. The two disagree rather violently. 

7. Energy dependence of -~p$ and <pT> 

We have seen in sect. 5 that while O(a,) WD is able to fit 

quite well the data on pT distribution of dimuons, the fits 

require a <k,$ which is large and which increases as s increases. 

This failure of the first order QCD can be demonstrated 

graphically in a different manner."'. 
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A well known predictionza,34,37 of perturbative QCD to O(a,) 

for the dimuon production is that 

<P$ = <ki> + as(Q2) * f(r,xF,lnQ2) * s (7) 

where <k;> is the non-perturbative contribution arising from the 

transverse momentum of the constituents taking part in the 

interaction. The eq. (1) implies that <P$ should increase 

linearly with s for a given r and xF. This expectation of a linear 

relationship has indeed been confirmed using the data available 

then'9$'>1s. There is now additional data available from experiment 

E537. 

Fig. 17 shows the measurements of <pi> for /r=0.28 and xFzO 

at different values of s for r-N reaction1'-'6. Fig. 18 shows the 

same for pN data L'?"~2' for J-iO.22. The three points from CFS are 

for <Y' ranging from 0.03 for 400 GeV/c to 0.40 for 200 GeV/c. 

Since the QCD predictions are able to reproduce the dependence of 

<p,$ on y, we have used the theory to correct CFS points to 

correspond to x.&O. Linear fits of the form <P,$=A+Bs are shown in 

the figures for both n-N and pN data. The details of the fits are 

given in table 3. The values of the intercept are equal within 

errors for r-N and PN data but the slope of the increase of <p,$ 

with s is approximately twice as large for the n-N as for the pN 

data. 

Since within errors the intercepts for n-N and pN data are 

equal and since from eq. 7 the intercepts can be interpreted as 

equal to <k$, we have set <k,$=0.59 (GeV/c)2 in the QCD 
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calculations. The results of the QCD calculations with this 

assumption and for two different choices of ~(0.3 and 0.5 GeV/c) 

are shown in figs. 17 and 18. The predictions of the QCD fall 

well below the data in the case of pN as well as n-N reactions. 

However, the calculations do show a steeper slope for n-N than for 

pN in qualitative agreement with the data. 

The value of <k$=O.59*0.05 (GeV/c)2 deduced here implies a 

value of <k,$q=0.30*0.03 (GeV/cj2 for each of the parton 

participating in the interation. This value is considerably 

larger than the value of 0.16?0.01 (Gev/c)2 which has been 

determinedZC for the average intrinsic transverse momentum squared 

of the quarks from the p; distributions of the meson resonances. 

Fig. 19 and 20 show the data on the dependence of <p,> on fi 

for rr-N"-" and pN13?o~23 reactions, respectively. Fits of the 

form <pT>=A+D/s are shown for both sets of the data. The details 

of the fits are given in the table 3. As can be seen the linear 

relationship fits the data quite well. 

The important conclusions of this section are: (i) <p;> of 

dimuons grows linearly with s in qualitative agreement with QCD, 

(ii) the growth of <p,$ with s is much faster than predicted by 

O(as) QCD for any reasonable value of <k,$. 
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8. Soft gluon effects 

We have seen that O(a,) QCD, even with the inclusion of o(az) 

through the assumption of a pT independent K-factor, is unable to 

account for the observed transverse momentum spectra of the 

dimuons. The fits require <k,$ which increases with s both for pN 

and n-N reactions. This may indicate that the higher order QCD 

diagrams and/or the contributions of the multiple soft gluons are 

important. The soft gluon effects ace non-perturbative and are 

therefore difficult to calculate. Ambitious attempts are being 

made to calculate the soft gluon effects by C. Collins, D. Soper, 

W. Tung and their collaborators and M. Greco, G. Curci and 

P. Chiappetta, and R. Odorico (e.g. see the talks of Collins, 

Soper, Tung, Greco and Odorico in the proceedings of this 

Workshop). 

Greco and his collaborators" have evaluated the soft gluon 

effects by using the so-called Double Leading Logarithmic 

Approximation (DLLA) which resums in each order only the dominant 

terms of the expansion. They keep track of the exact momentum 

conservation by working in the impact parameter space. With this 

approach they have been able to obtain reasonable fits to the data 

of CFS and NA3 collaborations on pT spectra, <p$ vs. y and .P$> 

vs. M. They include the QCD hard term to fit the tail of the pT 

distributions. An important feature of their fits is that they 

need a fairly low value of the intrinsic transverse momentum, 

<k$=0.4 (GeV/c)2 i.e. <k$q=0.2 (GeV/c)2 which is in agreement 

with the results of Malhotra and OravaZ6. 
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9. Nuclear effects 

Since the cross section for dimuon production in a proton 

target is small, dimuon experiments are generally carried out with 

nuclear targets to take advantage of the expected A 1.0 dependence 

of the cross section. The question arises whether the use of the 

nuclear target could significantly affect the predictions for the 

dimuon cross section as well as the differential distributions. 

For example, one might expect that the elastic and inelastic 

collisions suffered by a hadron propagating through a nucleus 

could modify the transverse and longitudinal distributions of its 

constituents as well as their color quantum number correlations. 

Possible nuclear effects have been considered by Michael and 

Wilkco, BOdWin et al.41 and Godbole and Sarmarz. 

Bodwin et al." have argued that whereas quarks and gluons 

within the incoming hadron have no time to interact with each 

other during their passage through the nucleus, initial state 

interaction can occur between the constituents of the beam and 

those of the target. such initial state interactions can modify 

not only the transverse momentum distribution but also the pT 

integrated cross section do/dQ2dxF, because of the changes in the 

color wave function of the active quarks. However, the nuclear 

cross sections for Drell-Yan could still scale roughly as Al in 

agreement with the experimental observations. The expected 

increase in the pi is 6(p,$(0.2)2Al'3 - 0.23 (GeV/c)2 for a 

platinum target. 
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Michael and Wilk*' have used a simplified approach to 

calculate the effect of multiple scattering and absorption. The 

exponent a in the A dependence is a function of M, xF and pT. For 

400 GeV/c pA collisions (A=216), M=7.5, xF=O, the values of CL are 

found to be about 0.96, 1.0 and 1.07 for pT=O, 1.2 and 4.5 GeV/c, 

respectively. Averaged over the pT distribution, <a> = 1.0. The 

effect is slightly stronger for a II- beam, 6<p$-0.4 (GeV/c) 2 for 

A=216. The effect tends to saturate with A, i.e. the change with 

A for large nuclei is Small. 

There is some evidence for the increase in <p$ with A from 

the results of CIp collaboration lb 3,* I who used C, Cu and W 

targets. However, the results of NA3 collaboration", presented 

in table 4, for <p$ for II- beams with W and proton targets at 150 

and 280 GeV/c beam momenta, do not show the expected dependence of 

<p$ on A. 

Godbole and Sarma" have considered a somewhat different 

nuclear effect. They have suggested that the sea qG pairs could 

be enhanced in the nucleus due to the mutual interactions of the 

nucleons of the nucleus. The additional sea, xSA(x) = ((A-1)/2) 

3.5x10-3(1-x)15, is much softer than the nucleon sea (the exponent 

15 is only a rough estimate). If this is true then its effect 

would be to enhance the dimuon production at large xF and small M. 

In particular, the exponent a in the Aa dependence would be 

expected to increase with xF and decrease with~M at a fixed s, and 

increase with s at a fixed M. Also, the effect would be more 

pronounced for the beams of p, xf, Kf compared to 5, n-, K- 
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respectively. As an example, for a 226 v- beam impinging on Cu 

and W targets, a is expected to increase from 1.0 at xF-o.l to 

1.10 at xF>0.7 (a=1.08 to 1.2 for x+) and to decrease from 1.10 at 

M=4 to 0.98 at M=8 (az1.18 to 1.05 for n+). The expectation of an 

enhanced sea in the nucleus may in fact have already been seen by 

the EMC collaboration" who find that the structure functions for 

deep inelastic muon scattering off iron are significantly softer 

compared to those off deuterium target. 

It is clear that a number of interesting A dependent effects 

are expected for the dimuon production in hadronic collisions. An 

important emphasis of the next generation of Drell-Yan experiments 

should be to look for A dependence in pT, xF and M at different 

energies and using different beams. There is a need for a careful 

experiment to study the dependence of <p,$ on A with TI- (Or sf) as 

beam and hydrogen (or deuterium, perhaps even better), C and W as 

targets. Another useful experiment would be to look for enhanced 

nuclear sea by studying the A dependence for xF using n + (or IT-) 

and p beams and above mentioned targets. Note that if the 

analysis is carried out assuming A ' dependence, then one should 

see the effect in the K factor which would be expected to have a 

larger value at low mass (4-6 GeV) and also at high xF ('0.8). 

These experiments would be particularly interesting with higher 

energy beams which would become available soon from the 

TeVatrOn-II at Fermilab. 
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10. Conclusions 

We have comprehensively reviewed information on the 

transverse momentum spectra of high mass lepton pairs produced in 

hadronic interactions. The details of the calculations based on 

o(as) QCD, including O(uz) effects through the use Of a pT 

independent K factor, are outlined. Sensitivity of the 

calculations to the parameters used is discussed. A discussion of 

the possible nuclear effects which can influence various features 

of the dimuon production with nuclear targets is included. Our 

main conclusions are briefly mentioned below. 

1. The data on transverse momentum spectra of dimuons produced in pN, 

3 and s-N reactions can be fitted quite well on the basis of QCD 

predictions to G(as) obtained using Altarelli et al. prescription 

for regularization based on a gaussian form for the intrinsic 

transverse momentum (kT) of partons. 

2. While the fits are good, they require a large value of tk;>. 

Furthermore, the value of <k$ required increases with fi from 

0.9 (GeV/c)2 at low Vito 1.5 (GeV/c)2 at E=62 GeV. 

3. FOK fixed values of J?, <p,$ and <p,> are found to grow linearly 

with s and fi, respectively, for both PN and n-N reactions. 

4. The intercepts of <P$ at s=o are found to be 

<k$=0.59'0.05 (GeV/c)2 for n-N reactions and 0.52?0.11 (GeV/c)2 

for pN reactions. These are equal to each other within errors. 
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5. 

6. 

7. 

8. 

The slope of the rise of <p,$ with S is approximately twice as 

large for x-N data as for the pN data. 

Assuming k,$=O.59+0.05 (GeV/c)2 we have calculated QCD predictions, 

for n-N and pN, for the dependence of <p,$ on s for two different 

choices of A=O.3 and 0.5 GeV/c. The QCD predictions fall well 

beow the data with the disagreement increasing as s increases. 

Thus, the QCD to O(a,) and in some sense to O(ai) is unable to 

account for the observed features of the pT distributions in a 

satisfactory manner. There is therefore a need to extend the 

calculations to higher orders and to include soft gluon effects. 

A striking and rather surprising feature of the data is near 

absence of the nuclear effects. 

We conclude this talk by emphasising that there is a need for the 

next generation of dimuon experiments to, (a) concentrate on looking 

for nuclear effects in certain kinematic regions and (b) study 

detailed features of associated hadrons. 
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Table 2. Compilation of measurements of the K-factor. 

7 
'lab Reaction K Reference 

Km/c) 

39.5 TfN 2.620.5 13 

125 T-N 2.520.5 14 

150,200 n-N 2.2i0.3 15 

150 ll+N 2.420.4 15 

150 (n--r+)N 2.220.4 15 

150 n-P 2.420.4 15 

125 EJN 2.3kO.5 14 

150 SN 2.3kO.4 15 

200 PN 2.2t0.4 

400 PN 1.7 20 

400 PN 1.6iO.3 21 

2050 PP 1.6(1.8,our fit) 23 
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Ta le 
9 

3. The results Of the fits of the type 
<pT>=A+B[~)s and <pT>=~'+~'(T)6? to the data. 

Fit 

<Pi> 

'PT' 

Reaction v? Intercept slope ~~~~~~ 

ll-N 0.28 0.59*0.05 (2.8+0.2)10-3 1.2 

PN 0.22 0.52tO.11 (l.4t0.2)10-3 Oe3 

T-N 0'. 28 0.48*0.05 (3.4'0.3)10-2 0.1 

PN 0.22 0.461tO.07 (2.5k0.3)10-2 0.4 

Table 4. NA3 results for <p2, for TI- beam with W and 
proton targets at 150 and 280 G&/c beam momenta. 

Reaction 

T-W 

n-P 

<p2, T (GeV/cj2 

150 GeV/c 280 GeV/c 

1.44tO.02 1.80+0.03 

1.55io.13 1.73t0.13 
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FIGURE CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. Transverse momentum distributions of dimuons for g~b+u'-x at 
&=62 GeV and 44 Gev from MLANP collaboration ) . Simple 
exponential fits shown are due to the authors. 

Fig. 5. Data a 2 in Fig. 3. 3 he curves are O(,,) QCD fits with Ksl.8 
and <kT>=1.5 (Gev/c) . 

Fig. 6. 

Fig. 7. 

Contributions of the different terms to the p distribution 
of the dimuons in pN collisions at 400 GeV/% for M=7.5 GeV 
and y=O.O3. Sensitivity to the A parameter is also shown. 

Sensitivity to the 2 <k > parameter for 400 GeV/c pN 
collisions, M=7.5 Gev, yx0.03, ~=0.5 GeV/c. 

Fig. 8. Dimuon p distribution in -@+u+).r-X reaction at 
4.O-cMcE.T GeV, 

125 GeV/c, 

shows 
y>O from R537 collaboration'~. The solid lige 

the QCD fit with K=2.25 and <k >=0.88 (GeV/c) . 
Contributions of different terms are also sh wn. Is 

Fig. 9. 

Fig. 10. 

Fig. 11. 

Fig. 12. 

(a) Drell-Yan process q-&+y+u+u-, where y is the virtual 
photon. (b) QCD annihilation process q+gy. (c) QCD Compton 
process qg-cqy. (d) vertex connection qq+y, involving a 
virtual gluon. 

summary of the theoretical calculationsz9*39 for the K factor. 

Transverse momentum distribution of muon pairs produced in 
p-Pt collisions at 400 Gev/c for y=O.O3 and mass equal to (a) 
5-6 and 7-8 Gev, (b) 6-7 and 8-9 Gev and (c) 11-12 Gev. The 
data are from CFS collaborationzO. Our fits based on O(a,) 
QCD, described in the text, are also shown. 

Same as in Fig, 7 but for x-W+u+u-x reactions at 125 Gev/c 
from E537 collaboration'*. The value of K factor is 2.520.5. 

New plots from the NA3 collaborationi for n-Pt+u+u-X at 
150, 200 and 280 GeV/c. 

Dimuon pT distribution in I-Pt+u+u-X reaction at 150 Gev/c, 
y>-0.6 for M=4.1-500 Gev, 5-6 GeV and 4.1-8.5 GeV from NA3 
cs laboration's. Our QCD 

?2 
fits with K=2.3 and 

<kT>=l.O (GeV/c) are also shown. 

Dimuon p distribution in n-Pt+n+u-X reactions at 
283 Gev/c, 

150, 200 
and 4.1cMc8.5 Gev and ~2-0~6 from NA3 
collaboration". 
with K=2.3 and 

The2curves show QCD fits carrisd out by us 
<k >=l.o, 

and 280 GeV/c respecTively. 
1.1 and 1.2 (GeV/c) for 150, 200 
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Fig. 13. predictions for the dependence of <p > and <p2> on y based 
on our QCD fits to the 400 GeV/c pN dxtazO forTM=6.5 Gev. 

Fig. 14. NAP data for the dependence of <p2> on y, 0.25<r<0.37, for 
T-N reactions at 150, 200 and 2x0 GeV/c. The curves shown 
are predictions based on our QCD fits. 

Fig. 15. <p,> vs. M for pN collisions at 200, 300 and 400 GeV/c" and 
PP collisions it fi=62 Gev’“. predictions based on our QCD 
fits are also shown. 

Fig. 16. <p2> vs. M for r-N COlliSiOnS at 150, 200 and 280 GeV/crS. 
TheTcurves are predictions based on our QCD fits. 

Fig. 17. <p2> vs. s for a-N reactions r3-r6 for /?=0.28 and x >O. 
solTd line shows our linear fit (see table 3 fF;f fit::: 
par2ameters). AlSq shown are QCD predictions obtained using 
<kT>=0.59 (Gev/c) . 

Fig. 18. s for pN reactions 13~20~23 for fi=O.22 and x >O. The 
give the CFS" points corrected for the Hdct that 

their data corresponds to yr0.4. The solid line shows our 
liqear fit (see2 table 3). QCD predictions obtained using 
ckT>=0.59 (GeV/c) are also shown. 

Fig. 19. <p > vs. fi for n-N data"'r6 for *"i=O.28. The curve shows 
ourTlinear fit (see table 3). 

Fig. 20. <p,> vs. s for pN data'~'0*23 for fi=O.22. The curve shows 
our linear fit (see table 3). 
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